This paper describes the application of an inkjet chemical lithography patterning method for back contact solar cell metallisation where the novolac polymer resist is retained in the final device to act as a rear insulation layer. Point openings in the polymer layer with a diameter as small as 20-25 μm were achieved and used to etch holes in an underlying silicon nitride (SiN x ) layer. The polymer was retained on the device after etching the SiN x and an area-normalised resistance of 10 11 cm 2 was measured after heating at 130 ºC for 10 min. The insulating properties of the polymer were not significantly altered after an additional thermal step in which an aluminium layer was deposited over the resist and sintered at 150 ºC for 10 min to simulate the cell lamination process. Optical simulations demonstrated that, although the heat-treated polymer can absorb some light, a photocurrent gain up to 0.5 mA/cm 2 can be expected for cells with a rear polymer layer of thickness 4 m compared to cells without the polymer assuming the same metal rear reflector coverage and cell thickness.
Introduction
Industrial production of high efficiency back contact cells requires that: (i) the metal-silicon contact area is minimised to reduce contact recombination; and (ii) the metallisation grids are insulated from the device whilst minimising electrical shading and maximising electrode area. These requirements need to be satisfied with a consideration of industrial alignment tolerances. The insulation can be achieved by depositing thick dielectric layers comprising Al 2 O 3 or SiO 2 [1] . Alternatively, multi-dielectric stacks can be used (e.g., thermally-grown SiO 2 under SiN x [2] . It is possible to achieve high shunt resistances with these isolation processes, especially for small cells; however they require very clean environments and careful processing. In an industrial environment, it is difficult to deposit dielectrics on large-area cells without any pin-holes and various methods have been developed to characterise the pin-hole density in the dielectric layer [3] . Consequently, a more reliable insulation layer is required. Novolac resin has been used as a building composite material [4] and consequently can be considered as a long-term stable polymer which can be used as an insulation layer in back contact cells. It has previously been used as a patterning layer by CSG Solar who reported the inkjet printing of dilute alkaline solution to dissolve the polymer resulting in circular openings in the resist of diameter 80-100 m [5] .
This paper describes the use of a low-cost inkjet chemical lithography method, reported in [6] , to form point contact opening for back contact cells. Patterning is achieved by printing one layer of a functional ink on the novolac-based polymer layer. The printed ink acts to prevent the polymer from cross-linking in a subsequent thermal process. After baking and developing, point openings as small as 20-25 m in diameter can be achieved (see Fig.1 ). The patterned polymer can be retained as part of the final metallised back contacted solar cell device as shown in Fig.  2 . In this metallisation approach, the patterned polymer layer serves both as an etching mask and an insulation layer for the cells. A metal layer deposited on the surface of the polymer can act as both an electrode and a rear reflector and a metal coverage area exceeding 80% can be achieved. Due to the insulating properties of the novolac polymer, the cell and the metallisation grid can be optimised separately and the metal can be deposited without highly accurate alignment. 
Experimental

Novolac polymer insulation properties and thermal stability
The electrical properties of the insulating novolac polymer layer were investigated by measuring the leakage current with metal-insulator-semiconductor structures (MIS) as shown in Fig. 3 . These MIS structures were fabricated on p-type Czochralski (Cz) wafers with a bulk resistivity of 0.5-1 cm, after 15 m of silicon was etched from both sides in 25% NaOH solution. The final thickness of the wafers was measured to be ~ 170 m. A layer of ~ 1 m of aluminium was thermally-evaporated on one surface of the structures and a novolac polymer solution was then spin-coated on the other surface using different spin speeds to achieve polymer layer thicknesses ranging from 2.4 to 5.7 m. All samples were then heated at 130 C for 10 min as these are the conditions typically used to "hardbake" novolac resin resists. Finally, ~ 1 m of aluminium was thermally-evaporated through a mask over the polymer layer. The area of the aluminium contact regions (over the mask) ranged from 0.2 to 1 cm 2 . The leakage current through the polymer layer was then measured using a source-measure unit in a four-terminal arrangement with an applied voltage of 10 V. The reason for using this applied voltage was that smaller voltages resulted in a current that was too small to be detected. For each polymer layer thickness, at least 15 measurements were recorded and the mean, highest and lowest leakage currents were determined. The thermal stability of the aluminium contact on the polymer layer was also evaluated. The same MIS structures were fabricated but in this case four different heat treatments were trialed (no heat treatment, heating at 130 C, 160 C and 190 C for 10 min) before evaporating the aluminium contacts. Leakage currents were then measured as described previously. The MIS structures then underwent a second heat treatment at 150 C for 10 min (to simulate the lamination process) and the leakage current was measured again.
Optical properties of the polymer layer
The optical properties of the polymer layer were determined as a function of polymer layer thickness and baking temperature. The reflective index n and the extinction coefficient k were measured using ellipsometry (using a Cauchy model) for polymer layers as a function of layer thickness and baking temperature. These values were then used in simulations of the photocurrent as a function of aluminium rear reflector coverage using the model reported in [7] for cells with and without a polymer layer. The simulated cell structure had a textured front surface with 75 nm thick SiN x and a silicon wafer thickness of either 100 or 180 m. The planar rear surface was coated with a 200 nm thick SiN x layer (for surface passivation) with a 4 m thick novolac polymer layer having n and k values determined from the ellipsometry measurements. An aluminium rear electrode and reflector was then simulated using different metal coverage fractions and the effect of different heat treatments and cell thicknesses on the simulated photocurrent was determined. 
Results and discussion
Polymer insulation properties and thermal stability
The area-normalised resistances of current flow through the polymer layer, calculated from the measured leakage current for different layer thicknesses after heating at 130 C for 10 min, are shown in Fig. 4 . When the polymer layer was thinner than 4 m, the measured resistance began to reduce as the local surface morphology (e.g., saw lines due to wire sawing) impacted the effective thickness of the polymer layer and resulted in regions of lower resistance over the surface. It was concluded that a polymer thickness of > 3 m was required on these industrially-fabricated surfaces to achieve a stable area-normalised resistance that exceeded 1 × 10 10 cm 2 . Fig. 5 illustrates that insulating properties of the novolac polymer were impacted if the polymer was not heattreated at a temperature of at least 130 C for 10 min before aluminium evaporation and re-heating. This was presumed due to some remaining solvent emanating from the polymer during the final heat treatment resulting in some aluminium flow over the polymer as shown in Fig 6 (a) . If the polymer was heated at a temperature of at least 130 C for 10 min before the aluminium was evaporated, the contact and the insulation performance were stable after the final heat treatment at 150 C for 10 min as shown in Fig. 5 and Fig 6 (b) . It was concluded that if the polymer layer was thicker than 3 m and heated at 130 C for 10 min before metal deposition, then the areanormalised resistance can be as high as 10 11 cm 2 . This is significantly higher than the value 2 × 10 8 cm 2 (with a corresponding leakage current of 1× 10 -6 A for a cell) reported as being required in [1] for back contact cells. Fig. 6 . Optical microscope images of an evaporated aluminium contact after a second heat treatment at 150 C for 10 min for novolac polymer layers: (a) without heat treatment before aluminium evaporation; and (b) after heating at 190 C for 10 min before aluminium evaporation.
Optical properties of the polymer layer
Seed metal layers frequently must be annealed at low temperatures in order to achieve low contact resistance. Consequently it is importance to evaluate the effect of heating on the polymer's optical properties. The measured and fitted absorption coefficients (n and k) of the polymer layer (after heating at 130 C for 10 min) are shown in Fig.  7 and Fig. 8 . As the polymer layer thickness increased, the n values increased across the wavelength range. However, the k values were all close to zero in the long wavelength region. It was therefore concluded that if the polymer was heated at 130 C for 10 min, it would not significantly absorb any light that reached the rear surface of the cell and therefore any light reaching the polymer will be reflected back into the cell by the rear metal reflector. However, as the temperature of the heat treatment increased, the n and k values both increase which indicate more absorption of light in the polymer layer, as shown in Fig. 9 and Fig. 10 . This increased light absorption was presumably due to increased cross linking of the polymer at higher temperatures. 
Optical loss analysis for back contact cells
Since a polymer layer baked at 160 C and 190 C can absorb some of the long wavelength light, the simulated photocurrent was decreased compared to that simulated for the polymer heated at 130 C for 10 min as shown in Fig.  11 . However, even with a 190 C heat treatment, when the aluminium reflector coverage is larger than 20%, the simulated photocurrents still exceeds that of the structure with only with 200 nm SiN x (i.e., no polymer). This is due to the thicker insulation layer (polymer and SiN x ) acting as a more effective rear dielectric stack due to evanescent wave that could reach Al was significantly reduced and therefore reflecting more longer wavelength light back into the cell. For cells with a thickness of 100 m, more longer wavelength light will be absorbed in the polymer layer, therefore the optical advantage of the polymer layer is only observed when the aluminium rear reflector coverage exceeds 70% as shown in Fig. 12 . 
Conclusion
The presented results demonstrate that a novolac polymer layer can act both as reliable patterning mask and an insulating layer for back contact cells. The area-normalised resistance can be as high as 10 11 cm 2 and the polymer is thermally-stable after a final heat treatment with an aluminium rear electrode in place at 150 C for 10 min. Although the polymer's absorption of longer wavelength light can increase with heat treatments at higher temperatures, the simulated optical photocurrent increases due to the increased thickness of the rear dielectric stack. A further advantage of the proposed cell metallisation scheme, which incorporates the novolac polymer layer as part of the rear insulation layer, is that the alignment tolerance can be much larger. Due to the insulating properties of the polymer, the metal which contacts the n type silicon regions can extend over the emitter regions of the cell without any shunting and fine-scaled alignment as shown in Fig. 13(a) . Without this polymer layer, complete insulation is difficult to achieve and so the alignment tolerance is significantly reduced [see Fig. 13(b) ]. Furthermore, the metal series resistance can be reduced since the metal area fractions for the n and p type metal electrodes can be the similar and maximised. With these benefits and the higher metallisation alignment tolerance, new contact separation and interconnection methods are made possible which exploit the fine patterning resolution achieved by the inkjet based chemical lithography process. Although spin-coating was used to form the polymer layer in the experiments reported in this paper, spray-coating of the polymer could be used to enable high throughput polymer coating in the future thereby enabling coating of industrial-sized wafers. 
